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 ABSTRACT: 
Thin solid films were extensively used in the making of solar cells, cutting 
tools, magnetic recording devices, etc. As a result, the accurate 
measurement of mechanical properties of the thin films, such as hardness 
and elastic modulus, was required.  The thickness of thin films normally 
varies from tens of nanometers to several micrometers. It is thus 
challenging to measure their mechanical properties. In this study, a 
nanoscratch method was proposed for hardness measurement. A three-
dimensional finite element method (3-D FEM) model was developed to 
validate the nanoscratch method and to understand the substrate effect 
during nanoscratch. Nanoindentation was also used for comparison. The 
nanoscratch method was demonstrated to be valuable for measuring 
hardness of thin solid films. 
Keywords: Thin film, Nanoscratch, Finite element method, Hardness 
measurement 
Introduction  
Thin solid films have been extensively used in the manufacturing of solar 
cells, cutting tools, magnetic recording materials, etc. The thin films are 
often used as structure material or hard protection material in 
nanomanufacturing and thus, the accurate measurement of their 
mechanical properties, such as hardness, is essential. Recent years, with 
the thickness of the films being dramatically decreasing down to tens of 
nanometres, measuring mechanical properties on such ultra thin solid 
films has become an essential and challenging issue. Nanoindentation was 
usually employed to measure the hardness and other mechanical properties 
of nano-scale structures (Oliver and Pharr, 2004). However, in the case of 
thin films, as the films are very thin and not able to be measured in a stand 
alone test, the hardness obtained directly from the nanoindentation 
experiment on the film surface might include the effect from the substrate, 
provided that the penetration depth is insufficiently low. There exists an 
empirical rule, that to avoid the effect from substrate, i.e. the contact depth 
of a nanoindentation experiment should be no greater than 10% of the film 
thickness (Huang et al., 2005, Yeon-Gil et al., 2004, H Huang et al., 
2006). Our measurements also showed the relative penetration to the 
thickness of the film could be varied from 3% to 9%. On the other hand, if 
the penetration depth of an indentation is too shallow, errors caused by tip 
rounding, surface roughness and instrument noise effect have to be taken 
into consideration. Moreover, the incomplete plastic deformation at low 
depth would cause inaccuracy especially in hardness test when penetration 
depth is insufficiently great (Fischer-Cripps, 2006). As a result, alternative 
measurement techniques are required to obtain the accurate measurement 
of hardness of thin films. 
 
    
 
 
   
   
 
   
   
 
   
       
 
Nanoscratch experiments provided an alternative way to understand 
mechanical properties of nanostructure materials. Scratches were often 
made by using a conical diamond tip on the surface of the material with 
loads and displacements in both normal and lateral direction. And 
Nanoscratch tests are normally used to characterize friction coefficient and 
film adhesion (Ye et al., 2004, King et al., 2007). Recent studies have 
attempted to apply nanoscratch into the hardness measurement of thin 
films (Kral et al., 1996, Tayebi et al., 2003a, Tayebi et al., 2003b). In 
comparison with nanoindentation, nanoscratch test is a lateral force 
dominated process, which would include a relatively smaller effect from 
the substrate. Further more, as scratch test would involve high stress in 
front of the indenter, and thus make the material deform plastically even 
when the contact depth is very low. Nevertheless, the hardness tested in 
the previous studies (Kral et al., 1996) was characterised as the scratch 
hardness (Hs), which could be somewhat different from the hardness 
obtained from indentation.  The previous studies showed that the ratio of 
Hs / Hi varies from 0.3 to 1.7 (Tayebi et al., 2003b). The mechanism 
responsible for such differences remains unclear. In this work, we propose 
a modified nanoscratch method, which aims to reduce the substrate effect 
in film hardness measurement. We have tested the method on a series of 
standard materials whose mechanical properties are already well reported. 
Our finite element (FE) models is also validated using same set of 
standard material and further used to understand the substrate effect during 
nanoscratch. The difference of hardness measured by indentation and 
scratch was also compared and discussed. 
 
Method 
In nanoindentation tests, hardness was defined as maximum load divided 
the contact area of the indentation (Eq 1) (Smith and Sandland, 1922), this 
definition of hardness is equivalent to an average pressure in an 
indentation contact (Fisher-Cripps, 2004). Basing on this understanding of 
indentation hardness, the scratch hardness measurement was investigated 
by Kral et. al., (1996). The relationship between the scratch parameters 
and hardness was defined by determining the force balance of the sliding 
contact between the surface of the material and the spherical indenter or a 
conical indenter with a spherical probe tip. Assuming that the material 
being scratched was homogeneous and perfectly-plastic, the area of 
contact was calculated as the front semi-sphere of the spherical indenter or 
the spherical top of a conical indenter. The normal pressure exerted on the 
contact surface of the indenter was defined to be equal to the material 
hardness. The hardness Hs of the material being scratched was thus 
expressed as a function of a number of scratch parameters (Eq 2) (Kral et 
al., 1996), 
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where F represents lateral force, r represents tip radius of the spherical 
indenter or the sphere top of the conical indenter, w the scratch width, and 
f the friction coefficient were obtained from scratch experiment, with an 
assumption that the contact between the indenter and the tested sample is 
an ideal spherical contact. In the previous studies (Ndlovu et al., 2007, 
Beake et al., 2006), the scratch width was measured by AFM scanning 
after scratching. However this approach would firstly bring uncertainty on 
scratch width and scratch depth determination. It was also challenging to 
distinguish the scratch starting point in the AFM image corresponding to 
the experiment feedback. In addition, an AFM scan would normally 
involve surface damage after scratch, especially when the tested specimen 
is insufficiently hard. As a result, the convention hardness test using 
nanoscratch was significantly affected by the quality of the AFM image 
and the consistency of nanoscratch experiment.  
 
To obtain more reliable hardness measurement, we have proposed a 
continuous measurement method. In this method, the scratch width was 
determined according to the geometry relationship between the residual 
depth of a scratch and the tip radius of the indenter r, expressed in Eq 3:  
21 2
2 res res
w rd d= −        (3) 
where dres represents, the residual depth that is obtained from the normal 
displacement feedback directly obtained from the nanoscratch experiment 
output. As all the parameters required are directly measured from the 
scratch test, the new method enables us to continuously measure the 
hardness value of the entire scratch impression.  
 
Experiments and Models 
In our work, the scratch method was performed on various materials, 
including fused quartz, aluminium and silicon, in order to test the hardness 
measurement method. Fused quartz sample used in the experiment was a 
piece of standard sample provided by Hysitron™ to calibrate the system as 
a criterion in hardness and elastic modulus measurement. Silicon sample 
was a piece of single crystal silicon wafer with (100) orientation; Al 
sample was provided by Hysitron for stage calibration. The properties of 
the testing materials are listed in Table 1. Hardness and reduced modulus 
value of fused quartz was obtained from standard sample specification 
provided by Hysitron™, while properties of other samples was measured 
by over 30 nanoindentation tests using a load range of 1mN to 10mN on 
    
 
 
   
   
 
   
   
 
   
       
 
three different locations. A SiNx/Si film-substrate system was also 
employed to assess the proposed method. The SiNx film was deposited 
using Plasma-enhanced chemical vapor deposition (PECVD), with a 
deposit temperature of 150°C, a chamber pressure of 600 mtorr (Huang et 
al., 2009, Huang et al., 2006). The film thickness was 650 nm and the 
substrate thickness was over 300 μm. In comparison, the nanoindentation 
experiments were also conducted on the SiNx film materials. 
 
Table 1: Standard sample conditions 
Material Hardness (GPa) 
Elastic modulus 
(GPa) 
Poisson’s 
ratio 
Reduced 
Modulus (GPa) 
Quartz 9.6 67.49 0.17 69.5 
Aluminium 0.47 65.28 0.34 75.1 
Silicon 14.6 112.4 0.28 121.9 
 
 
Nanoindentation and nanoscratch were performed using a Hysitron™ 
TriboIndenter™. A Berkovich indenter was used in the nanoindentation 
tests, and conical indenters with tip radius of 1 μm and 3 μm were used in 
the scratch tests. The condition of nanoscratch tests was  A finite element 
method (FEM) analysis was also used to study the scratching process. The 
3D FEM model for nanoscratch was developed based on commercial 
FEM/FEA software package ABAQUS™. The computational model was 
shown in Figure 1(a). In this computational model, the sample size was 
5μm × 5μm × 10μm and simulated scratch length was 5μm. 4-node linear 
wedge mesh mode (CAX3) was used in the FEM model and the minimum 
mesh size was 5 nm at the top layer of the film surface and the interface of 
the film and the substrate. There were totally 165,000 elements and 
990,000 degrees of freedom (DOFs) in the model. The model is run on a 
PC, and an average computational time is 20 hours. Figure 1(b) shows the 
simulated lateral force on a 1mN constant normal load scratch on quartz 
sample, compared with experiment result with same condition. As shown 
in the Figure, the simulation result demonstrated to be consistently 
matching with that obtained in the experiment. 
 
Results and discussion  
Figure 2 (a) shows the hardness value obtained from one single scratch on 
fused quartz, using a constant normal load of 1 mN. The hardness value is 
constant during the course of scratching (except the loading and unloading 
stages). The solid line in Figure 2(a) represents the nominate hardness 
value used as criterion hardness value in our machine calibration. As 
 shown in the figure, the hardness measured by nanoscratch is in a good 
agreement with that measured by nanoindentation. In Figure 2(b), a series 
of hardness measurement results using different normal load are shown. It 
is indicated in the figure that the variation of normal load had little affect 
to the hardness measurement of quartz samples. This is also in good 
agreement with nanoindentation results. We also found the scratch 
hardness is slightly increased with the increase in normal load. This could 
due to the surface condition of the quartz sample and it is indicated that 
the discrepancy between scratch hardness and indentation hardness is 
below 5%.  
 
More validation results are shown in Figure 3 that the hardness value 
measured using the proposed nanoscratch method on aluminium (a) and 
silicon (b). The normal load range used covers the range from 500uN to 
5mN, and 200uN on aluminium sample. In comparison, solid line in each 
figure represents the average indentation hardness value measured by over 
30 nanoindentation tests on different locations. It is clearly shown in the 
figure that the hardness values on both aluminium and silicon measured by 
the nanoscratch method agreed well with those measured by the 
nanoindentation. For all the three materials being tested the discrepancy 
between scratch hardness and indentation hardness was within 5%.  
 
Figure 4 shows the 3D FEM result of scratch hardness on standard 
materials: fused quartz, Aluminium, and Silicon. Nanoscratch progress 
with maximum scratch depth from 50nm to 200nm is simulated on the 
three materials. Solid lines in the figure represents the nominate hardness 
value measured by nanoindentation tests, which was proved to agree with 
nanoscratch experiment result previously. It is seen from the figure that 
the FEM model accurately simulated the process of nanoscratch 
experiments. And the hardness value calculated basing on FEM simulation 
result agrees well with experimental process. All Figures 2-4 have clearly 
indicated that by using the proposed continuous scratch hardness 
measurement method, scratch hardness and indentation hardness are in 
excellent agreement. This is the key advance of the proposed method 
comparing to previously published result that showed a large difference 
between indentation hardness and scratch hardness (Tayebi et al., 2003b). 
 
The proposed continuous hardness measurement method is also applied on 
the SiNx/Si film/substrate system. FEM modelling is also used to simulate 
the scratch experiment on the bilayer system. Figure 5 shows stress 
distribution on the course of nanoscratch simulated by FEM model. The 
scratch depth is 100nm while the film thickness is 650nm. It is indicated 
that the stress caused by the scratch has spread into the substrate region. It 
is also indicated in the figure that the stress distribution is not continuous 
    
 
 
   
   
 
   
   
 
   
       
 
on the interface of film and substrate. This is mainly due to the difference 
in shearing stress on the interface caused by the lateral expansion of the 
film material. Experiment results and numerical modelling results are 
compared in Figure 6, it can be found that the hardness computed using 
the FEM model measured from the nanoscratch experiments were 
reasonably consistent, but both values were lower than that obtained from 
the nanoindentation test. This might be attributed to the different stress 
distribution underneath the indenter during nanoscratch and 
nanoindentation.  
Conclusions 
The hardness values of the standard materials, including Si, fused quartz 
and Al, measured using the nanoscratch method were in excellent 
agreement with those measured using nanoindentation, with a discrepancy 
of less than 5%. This indicated that the continuous hardness measurement 
method was viable for hardness measurement. The results obtained from 
the nanoscratch test on the SiNx/Si bilayer system also showed of the 
versatility of the developed method. Further study will be conducted on 
quantitatively analysis of substrate effect involved in nanoscratch 
measurement method comparing to indentation method, and theoretical 
study of contact mechanism to understand the substrate effect in 
mechanical properties characterization using both indentation and scratch 
methods. 
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Figure titles 
Figure 1: (a) 3D FEM model for nanoscratch. (b) Comparison of modelled 
and measured lateral forces when scratching on quartz 
Figure 2: (a) Continuous hardness measured on fused quartz with a 
constant normal load of 1 mN. (b) Scratch hardness values of fused quartz 
plotted as a function of normal load. 
Figure 3: Scratch hardness values of (a) Aluminium; (b) Silicon 
Figure 4: 3D FEM simulation result of scratch hardness on standard 
materials.  
 Figure 5: Stress distribution on the course of nanoscratch simulated by 
FEM model 
Figure 6: Comparison of scratch hardness values measured on SiNx/Si 
bilayer system using nanoindentation, nanoscratch and FEM modelling. 
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Figure 1: (a) 3D FEM model for nanoscratch. (b) Comparison of modelled 
and measured lateral forces when scratching on quartz 
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(b) 
Figure 2: (a) Continuous hardness measured on fused quartz with a 
constant normal load of 1 mN. (b) Scratch hardness values of fused quartz 
plotted as a function of normal load. 
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(b) 
Figure 3: Scratch hardness values of (a) Aluminium; (b) Silicon 
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Figure 4: 3D FEM simulation result of scratch hardness on standard 
materials.  
  
 
Figure 5: Stress distribution on the course of nanoscratch simulated by 
FEM model 
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Figure 6: Comparison of scratch hardness values measured on SiNx/Si 
bilayer system using nanoindentation, nanoscratch and FEM modelling. 
 
